Bone morphogenetic proteins (BMPs) comprise a large group of polypeptides in the transforming growth factor ␤ superfamily with essential physiological functions in morphogenesis and organogenesis in both vertebrates and invertebrates. At present, the role of BMPs in the reproductive system of any species is poorly understood. Here, we have established the existence of a functional BMP system in the ovary, replete with ligand, receptor, and novel cellular functions. In situ hybridization histochemistry identified strong mRNA labeling for BMP-4 and -7 in the theca cells and BMP receptor types IA, IB, and II in the granulosa cells and oocytes of most follicles in ovaries of normal cycling rats. To explore the paracrine function of this BMP system, we examined the effects of recombinant BMP-4 and -7 on FSH (folliclestimulating hormone)-induced rat granulosa cytodifferentiation in serum-free medium. Both BMP-4 and -7 regulated FSH action in positive and negative ways. Specifically, physiological concentrations of the BMPs enhanced and attenuated the stimulatory action of FSH on estradiol and progesterone production, respectively. These effects were dose-and timedependent. Furthermore, the BMPs increased granulosa cell sensitivity to FSH. Thus, BMPs have now been identified as molecules that differentially regulate FSH-dependent estradiol and progesterone production in a way that ref lects steroidogenesis during the normal estrous cycle. As such, it can be hypothesized that BMPs might be the long-sought ''luteinization inhibitor'' in Graafian follicles during their growth and development.
The development of preovulatory Graafian follicles that secrete a fertilizable oocyte at midcycle is the basis of fertility in female mammals (1) . This process is under the control of the pituitary hormone follicle-stimulating hormone (FSH). During folliculogenesis, FSH interacts with receptors on the granulosa cells to evoke signal transduction pathways that result in the stimulation and inhibition of estradiol (E) and progesterone (P) production, respectively (2, 3) . An important concept to emerge in the past decade is that growth factors produced by the follicle itself modulate, either amplifying or attenuating, FSH action (4) . The current challenge is to understand how specific growth factors exert control of follicle function and how these modulations are integrated into the overall pattern of ovary physiology.
Of all the growth factors in the ovary, the members of the transforming growth factor ␤ (TGF-␤) superfamily figure most prominently in the regulatory events of folliculogenesis (4) . Bone morphogenetic proteins (BMPs) comprise one of the largest subgroups of ligands in the TGF-␤ superfamily, with 15 BMPs having been described to date (5) (6) (7) . BMPs are expressed in a tissue-specific manner in many different cell types during embryonic and adult life in both vertebrates and invertebrates (5) (6) (7) . The importance of BMPs in regulating crucial events in morphogenesis, organogenesis, and cytodifferentiation has been established clearly from studies of BMPdeficient animals (5, 8) . The biological effects of BMPs are mediated by specific cell-surface receptors. BMP receptors exist as two subtypes: type I and type II (9) . The two types are structurally similar and both possess intrinsic serine͞threonine kinase activity. Two BMP type I receptors, BMPR-IA (or ALK-3) and BMPR-IB (or ALK-6), and one type II receptor, BMPR-II, have been identified. Individually type I and II BMP receptors are able to bind ligand, but signal transduction by BMP receptors requires the formation of a heteromeric complex between type I and type II receptors (10) . Once the BMPR-ligand complex is formed, the type II receptor, which has constitutive kinase activity, phosphorylates and activates the type I receptor, which, in turn, triggers downstream events in the BMP-signaling pathway.
Much is known about the cellular function and biological importance of BMP signaling in a large number of embryonic and adult tissues; however, the role of BMPs in the reproductive system is poorly understood, and no experimental evidence on BMP action in reproductive cells is available for any species. The mRNAs encoding BMP-2, -3, -3b, -6, and -15 have been identified in mammalian ovaries (7, (11) (12) (13) (14) , and BMP-6 and -15 mRNAs have been localized to oocytes (7, 12) . Although these results support a potential function of BMPs in the ovary, nothing is known about the expression of receptors for BMPs and the functional consequences of BMP receptor activation in the ovary.
As a first step toward understanding the role of BMPs in female reproduction, we have characterized the cellular sites of expression of the BMP type IA, IB, and II receptors and BMP-4 and -7 mRNAs in the rat ovary. BMP-4 and -7 were investigated because they are the most extensively studied members of the BMP family, and the recombinant BMP-4 and -7 proteins are available for research. Here we have established the existence of a functional BMP ligand͞receptor system in the ovary and linked BMP bioactivity to the regulation of FSH action in ovarian granulosa cells.
MATERIALS AND METHODS
Reagents and Supplies. The recombinant proteins Xenopus BMP-4, human BMP-7, and human activin-A were prepared as described previously (15) (16) (17) . Ovine FSH (4,453 units͞mg of NIDDK-oFSH-S1) was supplied by the National Hormone and
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PNAS is available online at www.pnas.org. Cell Culture. Twenty-three-day-old Sprague-Dawley rats (Harlan Breeders, Indianapolis) were implanted, by Harlan, with silastic capsules containing 10 mg of diethylstilbestrol to increase granulosa cell number (18) . Ovaries were removed and the granulosa cells were isolated and cultured as described previously (19) . Granulosa cells (5 ϫ 10 4 viable cells) were pipetted into 96-well culture plates containing 200 l (final volume) of tissue culture medium (McCoy's 5a medium containing 100 units͞ml penicillin, 100 mg͞ml streptomycin sulfate, 2 mM L-glutamine, and 1 M androstenedione). Granulosa cells were cultured for up to 48 h at 37°C in water-saturated atmosphere containing 5% CO 2 in air, with the indicated concentrations of FSH, BMP-4, BMP-7, and͞or activin-A. After culture, the levels of P and E in the medium were measured by radioimmunoassay as described previously (20) . The animal protocols were approved by the University of California at San Diego Institutional Animal Care and Use Committee.
Construction of Probe Plasmids. Total RNA from 27-dayold rat ovaries was prepared, and single-stranded cDNA was synthesized by reverse transcriptase and then subjected to PCR as described previously (21) . To design primers for PCR, DNA sequences of rat BMP-4 and BMPR-IA were obtained from GenBank. Because DNA sequences of rat BMP-7, BMPR-IB, and BMPR-II were not available from GenBank, we designed these PCR primers by choosing the homologous DNA sequence regions between human and mouse homologues of BMP-7, BMPR-IB, and BMPR-II cDNAs, which were available from GenBank. Specifically, these primers are derived from the cDNA clones at the nucleotide numbers of 737-757 and 1181-1200 (accession no. of the cDNA clone is Z22607) for BMP-4 (22), 497-514 and 865-882 (accession no. X56906) for BMP-7 (23), 441-460 and 876-895 (accession no. D38082) for BMPR-IA (24), 528-547 and 965-984 (accession no. U89326) for BMPR-IB (A. K. Astrom, unpublished data from GenBank), and 525-544 and 895-904 (accession no. AF003942) for BMPR-II (25) . These primers were selected from different exons of the corresponding genes to discriminate PCR products that might arise from possible chromosome DNA contaminants. PCR was performed under the following conditions: 35 cycles, annealing at 50°C for 30 sec; extension at 72°C for 30 sec; and denaturation at 94°C for 30 sec. All PCR products were cloned into pBluescript SK(ϩ) plasmid, and their DNA sequences were confirmed.
In Situ Hybridization. The in situ hybridization experiments were performed as described previously with minor modifications (26, 27) . Eight consecutive sections (8 m) were cut from each ovary and mounted onto poly-L-lysine-coated glass slides. The sections were digested with proteinase K, acetylated, washed, and dehydrated. Each antisense and sense cRNA probe was prepared by means of in vitro transcription by using T3 or T7 RNA polymerase. Hybridization was carried out with the 35 S-labeled RNA probe (4-6 ϫ 10 6 cpm͞ml) in a solution containing 50% (vol͞vol) deionized formamide, 0.3 M NaCl, 10 mM Tris⅐HCl (pH 8.2), 1 mM EDTA, 0.05% yeast tRNA, 10 mM DTT, 1ϫ Denhardt's solution, and 10% dextran sulfate. Hybridization solution (20 l) was placed over each section and covered with a 60 ϫ 22-mm acid-washed, silanetreated coverslip. Coverslips were sealed with liquid DPX (Gallard-Schlesinger Industries, Inc., Carle Place, NY). Sections were hybridized for 16 h at 58-60°C in a humidified chamber. After hybridization, the sections were treated with ribonuclease A and washed in 15 mM NaCl͞1.5 mM sodium citrate at 60-62°C for 30 min. Dehydrated slides were exposed to x-ray film for several days. After adequate x-ray film images were obtained, the ovary sections were treated with xylene, rinsed in 100% ethanol, air-dried, and then coated with Kodak NTB-2 liquid autoradiograph emulsion. Slides were exposed for 4 weeks at 4°C in a desiccated, dark box. After exposure, the slides were developed (Kodak D19, 3.5 min at 14°C), rinsed briefly in distilled water, and fixed. After washing in distilled water for 1 h, slides were lightly counterstained with hematoxylin and eosin. After an autoradiography and counterstaining, the sections were analyzed microscopically. The in situ experiments were performed at least two times for each BMP ligand and receptor by using one ovary from six different animals in each experiment.
Statistical Analysis. The E and P results shown are averages (mean Ϯ SE) of at least three separate experiments, with triplicate determination for each treatment. Mean values from independent experiments were analyzed statistically by unpaired t test. Values were determined to be significant when P Ͻ 0.05.
RESULTS
The mRNAs for BMP-4, -7 and the type IA, IB, and II BMP receptors were expressed in a tissue-specific manner in the adult rat ovary. Fig. 1 A and B shows that BMP-7 mRNA was present in the theca interstitial cells of healthy Graafian follicles, but was undetectable in other ovarian cell types. Hybridization with the control sense BMP-7 cRNA probe showed a nonspecific background signal (Fig. 1C) ; this was true for the other control sense probes used in these experiments (data not shown). Fig. 1 D and E shows that BMP-4 mRNA also was expressed strongly in the theca cells of healthy Graafian follicles, being present in both the theca interstitial and theca external cells. A weak but variable BMP-4 signal was observed in some corpora lutea and surface epithelial cells (data not shown). BMP-4 mRNA was not detectable in the other ovarian cell types.
The mRNAs for BMPR-IA and -IB appeared to be widely expressed in the rat ovary, with the strongest hybridization signals being observed in the granulosa cells and oocytes of developing follicles ( Fig. 1 F-I) . The intensity of the signal for BMPR-IB was higher than that of BMPR-IA (compare Fig. 1 G with I) . Hybridization signals for BMPR-II were most intense in the granulosa cells of all growing follicles (healthy and atretic) after the secondary stage ( Fig. 1 J and K) . The BMPR-II message was expressed weakly in some corpora lutea. A weak BMPR-II signal was observed in growing oocytes of primary follicles (those with a single layer of cuboidal granulosa cells), but none was observed in oocytes in late preantral and Graafian follicles ( Fig. 1 J and K) . No BMPR-II signal above background was observed in the other ovary cell types.
These in situ hybridization results suggest that BMP-4 and -7 produced by theca cells may interact with BMP receptors in the granulosa cells to regulate biological responses. To examine this possibility, we tested the effects of BMP-4 and -7 on FSH-induced steroidogenesis in primary cultures of rat granulosa cells grown in serum-free medium. When granulosa cells were cultured for 48 h as controls (no additions), there was no detectable E or P in the medium (Fig. 2) . As expected (18), FSH markedly increased E and P production in a dosedependent manner. Interestingly, these effects of FSH were changed markedly by BMP-4 and -7. The data in Fig. 2 show that the levels of FSH-induced E were increased substantially (Ϸ2-to 3-fold) by both BMPs, and the effects were dosedependent (ED 50 for BMP-4 ϭ 8.9 Ϯ 0.4 ng͞ml; ED 50 for BMP-7 ϭ 11.0 Ϯ 1.0 ng͞ml). In contrast to the positive effects on E production, both BMP-4 and -7 caused marked decreases (average Ϸ 60%) in FSH-induced P production (Fig. 2) , and the effects were dose-dependent (ED 50 for BMP-4 ϭ 10.9 Ϯ 1.5 ng͞ml; ED 50 for BMP-7 ϭ 11.6 Ϯ 3.2 ng͞ml). Treatment with BMP-4 and -7 alone had no effect on basal E and P production (Fig. 2 ). We next determined the time course of the effects of BMP on FSH action. After a 24-h lag phase, FSH induced a progressive increase in E production up to 72 h of culture (Fig.  3) . This delay reflects the time needed for FSH to induce P450 AROMATASE activity (3). Cotreatment of FSH with a saturating dose of BMP-7 (30 ng͞ml) further increased the levels of E (Ϸ2-fold) at each time point, but produced no change in the lag phase of FSH-induced E accumulation throughout the 72-h period. In contrast, the BMP-7 delayed the timing of FSH-stimulated P accumulation by approximately 12 h. The data in Fig. 3 show that BMP-7 completely inhibited the FSH stimulation of P at 24 h and then continued to suppress P levels (Ͼ50%) at 48 and 72 h of culture. These findings suggest that the role of BMP-7 is not only to suppress the maximal levels of FSH-induced P production, but also to delay the induction by FSH.
To investigate the specificity of the BMP response, we tested the effect of another TGF-␤ ligand, activin-A, on FSHstimulated E and P production. In contrast to the effects of BMP-4 and -7, activin-A increased (2-to 3-fold) the FSH stimulation of both E and P production (Fig. 4) . Thus, the effects of BMP-4 and -7 on FSH-dependent steroidogenesis are clearly different from those of activin-A.
DISCUSSION
We present compelling evidence for a functional BMP system in the ovary. The results demonstrate that (i) the genes 1, 0.3, 1, 3, or 10 ng͞ml) , or FSH in the presence of BMPs. After culture, E and P levels in the conditioned medium were measured by RIA .   FIG. 3 . Time-course effect of BMP-7 on E and P production by granulosa cells. Granulosa cells (5 ϫ 10 4 viable cells per well͞200 l) were cultured for 48 h in serum-free medium containing androstenedione (1 M) and FSH (3 ng͞ml) in the absence (ᮀ) or presence of BMP-7 (30 ng͞ml, s). After culture, E and P levels in the conditioned medium were measured by RIA. sion in granulosa cells, suggests a paracrine role of BMP-4 and -7 in regulating folliculogenesis. The evidence for coexpression of BMP-4 and -7 mRNAs supports the concept of coordinate regulation of these BMPs in the theca cells. Interestingly, the expression of BMP-4 and -7 appears to be cell-fate-specific in the cycle of folliculogenesis. BMP expression appeared very high in healthy follicles but barely detectable in follicles undergoing atresia. This suggests that the coordinate expression of BMP-4 and -7 is subject to different patterns of regulation in healthy and atretic follicles. With respect to follicle atresia, it is noteworthy that BMP-7-deficient mice die because of renal failure as a result of increased apoptosis in the embryonic kidney (28, 29) . Collectively, these results suggest that regulatory stimuli interact directly or indirectly with theca cells to control the level of BMP-4 and -7 expression and that such changes are coupled in some manner to follicle fate. It will be important to investigate the mechanisms that regulate BMP-4 and -7 expression in theca cells with respect to follicle fate. In this regard, it has been reported recently that growth hormone and insulin-like growth factor I (IGF-I) are potent stimulators of BMP-4 mRNA in human dental pulp fibroblasts cultured in vitro (30) . It is also known that IGF-I is a potent stimulator of rat theca cell function (31, 32) and that IGF-I expression is strong and weak in healthy and atretic follicles, respectively (33) . Thus, exploring the possibility that IGF-I may be a physiological stimulus for BMP-4 and -7 expression during folliculogenesis should be investigated.
The observation that BMPR-IA, -IB, and -II mRNA expression is strongest in the granulosa cells and oocytes suggests that these cells are targets for BMPs. It is apparent that the BMP receptor mRNAs are expressed uniformly at high levels in all granulosa cells in all follicles, healthy as well as atretic. This finding indicates that granulosa cells constitutively express BMP receptor mRNAs regardless of whether the follicle is destined to live or die by apoptosis. By contrast, the BMP ligands appear to be expressed in healthy but not atretic follicles. The basis for and the significance of the receptor and BMP-4 and -7 ligand uncoupling remain to be determined. With respect to the oocyte, it has been reported that BMP-6 and BMP-15 mRNAs are expressed (7, 12) , indicating the possibility of additional autocrine͞paracrine BMP ligandreceptor interactions in the follicle. At present, nothing is known about the biological responses of oocyte-derived BMPs; however, it is noteworthy that factors from oocytes suppress granulosa cell expression of luteinizing hormone receptor mRNA and P production (34) . These functions generally are considered key indicators of granulosa cell differentiation and, perhaps, luteinization. The oocyte factors having these effects have not been identified but may be BMPs. It seems possible, based on structural relationships, that BMPs from the theca might affect the mural granulosa cells, whereas oocytes affect the differentiation of cumulus cells.
The results of our tissue culture experiments demonstrate that BMP-4 and -7 act directly on granulosa cells and cause important changes in FSH action. Specifically, the BMPs initiated a time-and dose-dependent amplification and attenuation of FSH-induced E and P production, respectively. The evidence that the ED 50 of the BMP responses (Ϸ10 ng͞ml or Ϸ300 pM) is equivalent to the reported K d (254 pM) of the BMP receptor (35) indicates that the effects of the BMPs on the granulosa cells are receptor-mediated and physiologically relevant. The mechanisms underlying the divergent actions of BMP-4 and -7 are unknown. Given that Smad proteins and cyclic AMP, respectively, mediate BMP (36) and FSH (3) signaling, it is likely that the differential regulation might involve crosstalk between these key pathways. It is well established that the mechanism by which FSH stimulates E and P production involves the induction of the expression of specific steroidogenic enzymes (3). Thus, the simplest explanation for the BMP enhancement of E production is that FSH signaling is amplified by the Smad-signaling cascade, resulting in increased P450 AROMATASE activity. In contrast, BMP inhibition of P production could result from Smad-induced downregulation of FSH signals that stimulate enzymes in the P biosynthetic pathway (37), such as StAR (steroidogenic acute regulatory protein), P450scc (side-chain cleavage), and͞or 3␤-hydroxysteroid dehydrogenase. Further experiments are required to elucidate the underlying mechanisms by which BMPs regulate FSH action and to investigate to what extent these two BMPs cooperate in their effect on granulosa cells.
It has been shown that BMP-7 can bind receptors for both BMP (BMPR-IA, BMPR-IB, and BMPR-II) and activin (ActR-I, ActR-II, and ActR-IIB) and mimic some of the biological responses of activin, depending on the cell type (38) . Because of this phenomenon, the question of specificity of the BMPs is linked to the issue of apparent redundancy in the ligand binding of the TGF-␤ family of receptors (9) . With respect to the rat granulosa cells, there is evidence indicating that the genes encoding ActR-II and -IIB are expressed (39) and that activin-A is a potent regulator of cytodifferentiation (40) . In the present study, we showed that the effects of BMP-4 and -7 on FSH-induced steroidogenesis were different from those of activin-A. Therefore, it seems likely that the BMPs   FIG. 4 . Effect of activin-A on E and P production by granulosa cells. Granulosa cells (5 ϫ 10 4 viable cells per well͞200 l) were cultured for 48 h in serum-free medium containing androstenedione (1 M) in the absence or presence of FSH (1 ng͞ml) and activin-A (30 ng͞ml). After culture, E and P levels in the conditioned medium were measured by RIA.
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Cell Biology: Shimasaki et al. Proc. Natl. Acad. Sci. USA 96 (1999) and activin-A use different and distinct cell-surface receptors in the granulosa cells. What is the physiological relevance of these BMP activities? A major concept in ovarian physiology is that FSH action in the granulosa cells of healthy Graafian follicles results in increased E production during the follicular phase of the cycle (1, 2), whereas P production is delayed until the periovulatory period. It has been postulated that there is a luteinization inhibitor that selectively prevents follicular P but not E production (41, 42) . Although the existence and nature of this regulatory molecule remain hypothetical, our data support the hypothesis that BMP-4 and -7 function as luteinizing inhibitors. It is worthy to mention that granulosa luteinization appears to be associated with atresia of murine Graafian follicles (43) . Viewed in conjunction with our present functional data in granulosa cells, the loss of BMP-4 and -7 expression within theca cells associated with atretic follicles may be important in explaining the occurrence of abortive luteinization during atresia.
In conclusion, these findings provide strong support for the concept that BMPs play an important physiological role in regulating FSH action in the mammalian ovary. Because a precise temporal and quantitative pattern of FSH action is obligatory for normal folliculogenesis and cyclicity, this ovarian BMP system could have implications for fertility and infertility.
